We present a study that maps out chemical bond formation between a Pt-inked probe and a single 1,3-cyclohexadiene (1,3-CHD) molecule on Si(100). By separating the mechanical and electronic contributions to the current during the approach to contact, we show that there are significant forces between the probe and the CdC of the molecule and we track the relaxation of the molecule, the emergence of a chemical bond feature in the LDOS, and the quenching of specific molecular vibrations during bond formation.
Understanding the detailed dynamics of chemical bond formation at surfaces is essential to a wide range of technologies. For example, the prospects for future molecular electronic devices [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] hinge on the ability to form reproducible electrical contacts with single molecules. 2, 3, 14 Little is known about how individual molecules relax or how potentially important device properties such as the HOMO-LUMO gap are modified by the contacting process. Similarly, the operation of catalysts and enzymes depends on understanding how particular molecules react with surface catalytic sites. [15] [16] [17] The manner in which molecules engage with and ultimately dock at these surface sites is critically important. In these and related systems, numerous studies have reported on the final state properties, that is, after the contact has been assembled or the reaction completed. The actual dynamics of chemical bond formation is poorly understood and represents a serious impediment to the rational design of the materials and devices that underpin these technologies.
Here we present a study that maps out chemical bond formation as a Pt-inked probe approaches and makes contact with a single 1,3-cyclohexadiene (1,3-CHD) molecule on Si-(100). By explicitly separating the mechanical and electronic contributions to the current during the approach, we show that there are significant forces 18 between the probe and Cd C region of the molecule and we track both the relaxation and rehybridization of the molecule, the emergence of a chemical bonding feature in the LDOS, and the quenching of specific molecular vibrations, all in excellent agreement with density functional theory (DFT) calculations. We envision that these methods will be useful for identifying candidate metal-molecule systems for device applications and for addressing the operation and selectivity of certain catalysts.
Contact and bond formation was studied using a cryogenic STM (Createc) in which a single-crystal Pt(111) metal sample and a Si(100) substrate [n+-type As, <5 mΩ‚cm] were placed in a sample holder that allows each to be heated and prepared separately. Following characterization by LEED, both samples were simultaneously exposed at room temperature to less than 0.1% of a monolayer of 1,3-CHD, transferred into the STM, and cooled to 5 K. Tungsten STM probes were cleaned by electron bombardment and then "inked" with atoms from the Pt substrate using a method described previously 18 and which provided control over the composition of the probe. The Pt-inked probe was then carefully brought into tunneling contact with the Si(100) surface, and topographic images and spectroscopic measurements were recorded.
The close-up STM image in Figure 1a reveals buckled dimers in weakly ordered c(4 × 2) and p(2 × 2) domains (dashed boxes in Figure 1a ) together with a single 1,3-CHD molecule (bright feature) bound to the surface in the [2 + 2] intradimer configuration. 19 The STM probe tip was positioned over the molecule's maximum (black cross in Figure 1a ) known to be associated with the single remaining CdC bond in the adsorbed molecule, 20 and the local density of states (LDOS) 21 at different probe-molecule separations was recorded using a 15 mV modulation at 534 Hz during the bias sweep. Figure 1b is a map of the empty LDOS in the energy range from 100 to 700 meV recorded as a function of the probe height above the molecule. The filled LDOS in this energy range is not shown but is essentially featureless, reflecting the combination of a wide HOMO-LUMO gap, the Si band gap, and degenerately n-doped substrate (see Supporting Information no. 1). (The absolute separation in Figure 1b is unknown, and the zero was chosen with the aid of computation, see below). In the energy range up to 200 meV, the LDOS is essentially independent of probemolecule separation. However, at large separations there is a weak doublet feature centered about 280 meV that is due to inelastic losses associated with the molecule on the surface (see below). Upon closer approach these features are quenched and an intense broad peak emerges in the LDOS at 350 meV (Figure 1b) . Within this range of probemolecule separations, the emergence and disappearance of this 350 meV peak is completely reversible and the amplitude of the peak falls off sharply with distance from the CdC topographical maximum (see Supporting Information no. 2). Moreover, measurements recorded at separations below that in Figure 1b or at biases above (0.8 V tended to perturb the molecule and surrounding dimers, resulting in a measurable hysteresis. 18 Figure 1c shows the second derivative spectrum (d 2 I/dV 2 ) as a function of probe-molecule separation. At large separation, there are two clearly defined vibrational features 22 at 1610 and 2830 cm -1 assigned to the stretching modes of the CdC double bond and C-H bonds, respectively. These features are quenched upon closer approach and accompanied by the emergence of the 350 meV LDOS feature. This anticorrelation between the LDOS and vibration peaks is reversible, with the former being recovered at large separations. On the basis of these data, we conclude that the probe forms a chemical bond with the CdC of the molecule at small separations, quenching the CdC vibration and generating a new electronic feature associated with this bond.
To demonstrate that bond formation occurs at the CdC region of the molecule, current-distance (I-Z) spectroscopic studies 18, 23 were performed to directly measure the interaction force, F, between the probe and the CdC. Using a 0.01 nm dither at 534 Hz applied to the Z piezo under open-loop conditions, the current and the first (FH) and second harmonics (SH) (dI/dZ and d 2 
I/dZ
2 ) were measured simultaneously using a lock-in as the probe was approached to and retracted from the surface. To eliminate LDOS contributions at different probe-molecule separations, we recorded all measurements at 200 meV sample bias because the LDOS within the tunneling energy window defined by this bias is constant and independent of separation (see Figure 1b) . This interaction force, F, induces a vertical displacement in the CdC (∆Z CdC ) that is detectable in the current. The simplest approach is to assume that the force is zero at large separations, so the current is described by and where φ is the tunneling barrier height, A ) 2π(8m e ) 1/2 /h, Z p ) Z + ∆Z CdC is the piezo-driven probe-surface separation, and k S is the spring constant associated with the attachment of the CdC to the surface. Combining eqs 1 and 2, we obtained the force spectrum where I F)0 (Z p ) was obtained by fitting the experimental spectrum at large separations and extrapolating it to smaller values, whereas for I F*0 (Z p ) the actual experimental data were used. Figure 2 shows a map of F(Z p ) as the probe approaches the surface, recorded from different lateral positions along the cross section in Figure 1a . Figure 2 shows that the force spectrum has near topographic spatial resolution and is 
sensitive to the presence of the adsorbed 1,3-CHD molecule.
In particular, there is significant attraction (red feature in Figure 2 ) at the location of the molecules' CdC bond, consistent with a local chemical bonding interaction. A more detailed force analysis is possible using the FH and SH signals, which are sensitive to subtle variations in the current, and for which it was previously shown that changes in the FH and SH signals during the approach reflect local changes in the force gradients that act between the probe and the corresponding surface location. 18 By analyzing the current signal and its harmonics with the probe initially positioned above the CdC bond, the subsequent relaxation of the molecule during the approach to bond formation was measured 18 and plotted in Figure 3a (dashed line) . At large separations, the CdC moiety is weakly attracted toward the probe. When the probe advances further, the CdC pulls away, but then as the 350 meV state emerges (see inset Figure 3a ), the CdC moiety is firmly drawn toward the probe. Beyond this point, the continued motion of the probe toward the surface is tracked by the CdC moiety, which is ultimately compressed (blue dashed line section, Figure 3a ) beyond its neutral position (∆Z CdC ) 0). No other region of the molecule exhibited this behavior, demonstrating that the spectroscopic map in Figure 2 is sensitive to details of the probe-molecule interaction.
These data clearly show that the emergence of the 350 meV state during the approach to contact is associated with a specific bonding interaction between the probe and the Cd C bond of the molecule. This was confirmed by DFT calculations that involved a 1,3-CHD molecule attached to a Si(100) dimer with a Pt probe (modeled as a five atom (100) cluster constrained to the bulk structure) positioned 
and the PW-91 GGA methods 24 were used with 1 × 3 × 2 Monkhorst-Pack grid 25 , for which the energy and maximum force convergences were set to 2 × 10 -5 eV/atom and 0.05 eV/Å, respectively. 26 With the probe located 2 nm away and the bottom two Si layers constrained to the bulk, the molecule-surface system was relaxed to determine the total energy of the isolated systems. All Si atoms were then fixed at their optimized positions, and the molecule was allowed to relax as the probe approached the CdC bond.
On the basis of these DFT results, the change in the Z position and bond length of the CdC during the approach were calculated and shown in Figure 3a and b (solid lines connecting open circles) while Figure 3c schematically describes the relaxation of the CdC moiety and its constituent atoms. Initially, the trigonal plane of the H-CdC-H moiety is tilted up from the surface plane and the CdC bond length is similar to that in ethylene. As the probe approaches, the entire moiety is attracted toward it and the length of the CdC bond begins to increase from 1.337 to 1.345 Å. This is followed by a pause during which the CdC does not respond to the approaching probe but after which there is attraction that results in further bond elongation and local rehybridization as the dC-H bonds flip down toward the surface (see Figure 3a and c). The formation of a stable chemically bonded contact between the probe and the CdC occurs when there is no net force and for which the CdC returns to its original position above the surface (∆Z CdC ) 0 in Figure 3b and the gray boundary in Figure 3c ). At this equilibrium position, the length of the CdC closely matches that found in pπ f dπ complexes between ethylene and single Pt surface atoms. 27 As the probe approaches further, the contact bond is compressed and there is a commensurate elongation of the CdC bond.
The relaxation of the CdC moiety predicted by computation closely matches that seen in the experiment (solid vs dashed curve in Figure 3a) . The Z scale in this and all figures has been set by aligning the zero force points (the energy minima) of the calculated and experimental approach curves. One notable difference is that the experimental curve shows that the CdC bond relaxes back toward its neutral position prior to bond formation (accompanied by quenching of the CdC vibration and the emergence of the 350 meV peak in the LDOS), whereas theory shows only a reduced attraction with the probe (see arrows in Figure 3a) but at larger separations. Although this difference may in part reflect our inability to perform fully relaxed calculations, an analysis of the molecule's coordinates clearly shows that this behavior is associated with the rehybridization of the CdC bond (Figure 3c ). In the experimental model, this relaxation is attributed to either a small barrier to bond formation 18 or a local increase in the spring constant that tethers the molecule to the surface. It is not possible at present to distinguish between these possibilities, but both are consistent with a reorganization of the molecule prior to actual bond formation.
On the basis of these data, the emergence of the 350 meV chemical bonding signature in the LDOS in Figure 1b is associated with the rehydridization of the CdC bond. The unoccupied 350 meV peak should then correspond to the antibonding level associated with the pπ f dπ bonding interaction, in which π electron density of the CdC is transferred to an empty d orbital on the Pt probe. 27 This assignment is consistent with quenching of the CdC vibration ( Figure 1c ) and is reminiscent of the pπ f dπ complex observed in the case of ethylene on Pt(111) and for which NEXAFS studies show an empty π* level located about 300 meV above E f . 28 On the Pt(111) surface this complex is known to be unstable above 50 K and to convert to di-sigma bonded structure involving two Pt atoms. 29 However, it is likely that the latter structure is precluded here because it requires two Pt atoms almost equidistant from the CdC, which would be immediately evident in the present case because of the grossly distorted STM images that would result.
The demonstrated ability to track the relaxation of a single molecule and the evolution of its electronic and vibrational properties over a range of separations, up to and including the point of chemical bond formation, has important implications. This method has important advantages over the conventional AFM technique, which does not have these same spectroscopic capabilities. It results from an ability to explicitly separate the mechanical and electronic contributions to the current, which will always be possible for molecules with large HOMO-LUMO gaps and semiconductors where the location of the Fermi energy can be controlled by doping. 13 When combined with the subpicometer control of cryogenic STM, this approach provides snapshots of the dynamics along the reaction coordinate. For molecular electronics, this facilitates a systematic approach to evaluate, in combination with different contacting metals, the performance of candidate molecules in different environments and bonding configurations, and represent an important first step toward the rational design of molecular devices and their operation. In the case of catalysis, it provides a methodology to examine the dynamics of chemical bond formation at different active sites, and in combination with molecular manipulation and attachment using STM probes, 30 the ability to measure the local affinity of a substrate toward different molecules.
